FUNDAMENTAL STUDIES OF NEURAL STIMULATING ELECTRODES

Second Quarterly Report
Covering Period November 29, 1994 to February 28, 1995
CONTRACT NO. NO1-NS-4-2310

L.. S. Robblee
S. K. Cogan
1. 1.. Rose

L. M. Twardoch
G. S Jones
R. B. Jones

EI1C Laboratories, Inc.
111 Downey Street
Norwood, Massachusetts 02062

Prepared for
National Institutes of Health
National Iastitute of Neurological
Disorders and Stroke
Bethesda, Maryland 20892

April, 1995

"Itiis QPR is being sent Lo
vou before 1t has been
reviewed by the staff of the
Neural Prosthesis Program




Soctio

FABLE OF CONTENTS

ISERODUC TTON

BNTCROFIECTRODE STUDIHE S

WORKPFORNENT QUARTER

RIETTRENCEN

Puge



Cabig

Dl

fabic C

Cahie L

Fabie

b abic

able

LIST OF FI1GURES

Didgiainiialie ioproscitation of U Nichigan probe adentity g

Pocalivie ol sites
fone tagniiication SEA o1 M Bak dual hatpin microclectrode.

fitial oo voltammiogranis deguired at sites 1-3 on U Aich.
probe ¢ NK-49 n the solution of F I8 mM [RuNH O}
P>

hnpedanee and phase angle ot sites on U Michigan probe wt
Jitferent tunies ol storage.

High magniication SENMs ot Ir ups on dual hatpin electrode
BAKR-BRN dual hat pm Ir ¢lectrodes

LIST OF TABLES

Coaclie voltamimetric data tor U Nich, CNE-49 0 site 1L scan rate

~“1LAK1T\ i

Coodic voltammeetric Jata tor T Nich, CNS-490 site b oscan rate

\hld} !
Dimenstons ol e site Noo 1 on U NMich, € N8-4y

fmpedance (R and phasce angle at 1 kHZz of Jrsites on |
Mich, ON¥-4v o :

Coclic voltammetric data for BAK-1TAL scan rate study |
Cuvchic voltammetne data tor BAK-TEA scan rate study 200
Cvchic voltamimetrie data tor BAK-TEAL scan rate study 3

Cachie svoltumimetnte data tor BAK-TTB. scan rate study 1.

Cvchic voltammietyie data tor BAK-TTBL scan rate study 2.
Cvahe soltammetric data tor BAK-1TTB. scan rate study 5.0
Caclic voltammetrie data tor BAK-BRN-A

Caclie svoltammetrie data tor BAK-BRN-B

Dyinienstons of dudal hatpim Ir microelectrodes.

Bnpedance thédyat TRz ot BAK-TTAY and BAK-TTB

Page

vl

lal

26



1.0 INTRODUCTION AND SUMMARY

[ his teport descithes thie work on NINDS Contract Noo NUT-NS-4-23 10 durmg the period
Nosember 29 tvvd o bebruany 280 199 s part of the Neural Prosthesis Program. the broad
sbjectives of the prosent Tundamental studies are: 1y to evaluate the electrochemical processes
thal ocuar at the clectrode-clecttohvte mtertace during puising regimients charactenstic of neural
prosthctic applivations. 21 Lo establish charge mjection limits ol stmadation electrode materials
which avoid rreversibie clectrochemical reactions. 3y o develop an o viro method. which can
be applied oo tor deternining the clectrochenncal real arca and stabihite of nucrociectrodes:
40t develop new matertals which can operate at high sumulaton charge densities tor
microstiimudation. and 31 o provide electrochemical and analvucal support tor other rescarch
activities o the Newral Prosthests Prograni at NINDS

Flecurocherical studies of I microelectrodes submutted by U Michigan and Laborators
for Neural Control. NINDS wwere contnued this gquarter: A U Michigan probe which swas
sirowis 1o have a shight clectrolhvie penctraton was mtentionally selected for stabihity studies in
arder Lo compare the abilin ot ditterent clectrochemical methods o recognize the onset of
getertoration e electrode mtegrity and o denuty the underlving causes ot changes in ciectrode
properties during ong lerni soaking Hhe scan rate studies atilizimg mass ransport ol Ru
nevaamnune provide the most diggnostic mtormaton. not oniy for recognizing that a potential
probicm cnasts. bul also enables mierences about the source ot the problem. For the probe under
stads this quarter. several weeks soakimg e saline clectrolvie led toou 2-fold increase i
credtrocnennical dimenstons measured under slow scan rate conditions but without @ comparable
merease under Tast sean rate conditons. This disparity between slow and fast scan rate
mcusurenents  suggests that the slow scan rate response was the sum of responses of individual
sites \Measurements ol apparent capaciance were coiisistent with an mcerease in surtace arca. as
wis e mpedance and phase angle at trequencies 20 Hzo The 1 k2 impedance and phase
angie gave suniesiial contradictors results. the tormer mdicating a decrease m site arca with the
DIUSC dngie stizgesting a lower vapacitanee Fhese studies are continuing with the goal bemg the

dJevelopment of a method tor monttoring microclectrode integnty o vive



Draal hat pin clectiodes teceived by M N Bak NINDS. Laborators tor Nearal Control

aore studied o earls 2 inonttis These cloctodes were fabricated using o moditicd deposiion

foPariene dind lasci ablalion ol Parviene tor tp esposare One ciectrode pam swhich swas

ol

v asdated nn e seain rale studics with R iosadiine shoswed an mmprosed .\l‘.lhllll} ot therr

ciectrochicinicad dinensions daring the 30 davs soaking compared o previousiy tested hat pin

Losccond clectrode patrs which had been subjected o a nigh voltage "hurn™ 1o

Cieeirodoes

foostrehten bent ups. was subnutied o deternune primartly i the up strarghtening

Srecedule altered the clecuochemial properties. U ntortunately . the electrodes were damaged and
e ceads Broke during the mital phase ot esting Hlowever, intial scan rate studies mdicated
arger ciectrochentical surtace aica tor this electrode par than tor the pair not subjected o the
v coltage burin o suggesting that the up straightenmy procedure may also have produced
somd roaghening of tie sartace SENIS of this clectrade revealed o rough surtace wexture and
Laee ndicdated that the Parviene nught not have been remoyed around the entire circumference ot

et Addivondl ctectodes must be evaluated betore conclusions can be dravwn about the

crticacs ot the Panviene remioval procedure and the tip straightening protocol



20 Ir MICROELECTRODE STUDIES

T IR S | : N
oo tionde stadios il

e quadtor i baded Ccgluation of elecirochemicdl surtace areds

A sLarios ot spaticied Tostes oo U AIch silicen based probe and ot duas hatpin It

microciectrodes tabricated by MOBak. NNDS O The elecrades tested are identitied as tollows:

£ NMichigan probe CN¥-4 with tive sputtered I sites each having a geom surtace area of
NG um

Drual natpn dromicrocioctrodes trom M Bake NINDS O These are identified as BAK-1H
aind BAR-BRN

The site denttication ot the U Nich probe s diustrated diagrammuatically in bigure 20
Y deas LAl nucroclectrode rom MOBak s allustrated o the fow magmiticauon SNEM o Breare
T2 Dhis structure Coilsishy of Dwo drwire shatts with aitached Au lead wares The junction ot the
Voowires aind the Jroshalts are civased inw bead of epoxy to provide mechanical stabithy of the
dcton  fhe insoroclectrodes have nearls conical shaped tips with tip exposures of - 23-31 ym

Poiengtt and radii at the widest part ot the cone ot -4y

' i

coure 21 Diggrammatie representation ot U Michigan probe identitving location ot sites

Pigure 22 1T ow magnitication SENM of M Bak dual hatpin microelectrode. 20X



1. Michigan Probe € N§-49

Fho picyivus guarterh iopert dosaribad in detarl the long term stability of acuvated and
Anactin aled spattaied osites oninudti-site probe CNS-48 trom U Aichigan. Fhat probe had
neer sefedtad or doing ternn stabtits studies o activated and dtiac iy ated stes hecause 4 ot the S
SHCa e PRy Zave o Bopieal taradare response oo Ruhesaammune tRueNH L C oy during
PRCET Y ~tabil ety I the prosent quarter. b A ichigan probe CNS=490 from a different
SPULCT Jepositivn Tub Was chosen Tor study even though only a single site had a normal taradzaie
cespuoinse to Ra hiosdamimine e prehinman stabifity wests  The overadl strategy i this study off
arone CNK Y fvobved Hest o seddn rate study ot one site o Ru hexaamnune solution. periodic
mpedance mcasuienicnts and ovehic voltammetry ob all sites e PBS clectrobvie. and @ repeat
wodi Rl sludy ol one site This probes having sites with varving clectrochenucal response i
dbiad testng seemed o be a good candidate o evaluate the tong terni properties ot good sites as

aehhouas pu.\\lhli\ detective sites

CovDerimncenlal NMethods

Vies approwch to mounting the U Nich probes tor fong term esting was adopted this
gudrics bt e probe stalho and contact pad areas were coated st dental swas o prevent
Slectrols Lo penetration Lo these arcas as deserthed previoushy (Quarterhy Progress Report Noo 12
Contact Noo NOLENS-T- 25000 The probe was hickd i place o Broanalytical Svstems Ine.
SN Rer-b cedl top waith was The eell top was then placed on the BAS glass cell and held in

ace wath wan Lhe cell was tilled with solution by svringe and the counter electrode and the
BN e gl D NI G reterence electrode were mserted through other openimgs i the celi wop.
Uinee e oot with electrades svas assembled. it was ot dismantled unul the end of the test
Beriod it e oveeption ot the reterence electrode which was removed from solution during
periods < passive soaking  Lhis was done o prevent possible contamination of the solution by
\uoons migrating across the reterence electrode junction. The cell was placed 1in the Faraday
Cage aid crecirodes connected o the instrumentation. Phe solution was deaerated tor at least 13

QNUtes Prict Lo vl voltammietny measuremicnts by bubbling Ar gas through the solution.



Soltlions i cliatigad By Usitig a syitige cquipped swith lexiblie tubimyg o extract
solutivi! ol tie octh and Gooreplenist the ool with new solution When changing trom Ru
~obtibions to PBS o v vosas the cedl swas ushed severad times with the imconuing solution.

Il slabilinn esting ustitg vche voltanimetny dal aoscan rate ot 0 03\ sec m a solution
Ci e aM Ko bosaannitie i PBS demonstrated that sites 304 and 3 owere obvioushy Teaky

Caroine st Dhis s evidenced by the shightiv skewed votwmmograms shown m brgure 205
Sies o aid D niaditanad o tvpieal stgmondal shape o the voltammogram with site B ainving the
Tiost z‘upl‘uduuhlg current oser 2 hours ol lesting

\vhe completion ob mittial stabtiny testss impedance spectroscopy measirements were
tahen Clhe sanie Juvs o cach site m the Ru hesaammine solutton These medsurements were
Gade it s potentials ined at 08 N s the reterence electrode sothat Taradaie reactions of
e RN - werc andikely The scan rate study was pertormed on the toliowimg day . During
He onernight mterval the probe was miamtained inthe cell contamimy the Ru hexaamnune
“oltbion with stows At gas bubbling tor deacration Y 2 hour pertod ot stability testing resulted i
coitammogranis tor site b that were nearly idenucal o those obtamed e the first stabihiny est on
The previcus Jdav o Fherctores site Towas selected as the candidate sie tor g scan rate study o

crvaludle clectrochicmical characieristios.

Kesulls and Discussion

Soui Kaid Ntidy Noo 0 24 w0 SUes i solidion

sty 1 Wie OV s tahen at at scan rates up Lo 0.2V s were wanve shaped. AU scan rates
L i N s plateat current. mdependent o scan rates was observed and the forward and
reverse waives were cotnerdent This behavior at fow scan rates 1~ consistent with a site behaving
Ghe o sk clectode ander conditions ot spherical diftuston [Fang and Leddy. 199510 At sean
rates dbon e G0N s the Vs had distinct cathodie and anodie peaks. The yvoltammetrie data in
Fable  shonss that the carrent lunction. v decraases as scan rates are mereased from 0.001 1o
TN sel behavior which is also consistent with non-linear ditfustion. However, the current
Cunction neser altains a hmiting vatues which would signal the tansiion to Tinear ditfusion. but
dislead reacties amnnun al 1o\ sec and then imcreases with turther mereases i sean rate. The

Whedic peak potciitial lends o move more cathodic as sean rates inerease above 3 Voso The
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bigure 23 fnitial oyelic voltammograms acquired atsites 1-3 on U Michigan probe CN8-49

i the solution ot 118 mM [RueNH L] i PBS Scanrate = 0103 Vs,

Ag/AgCl

Ag/AgCl

Ag/AgCl



Nutt-peak potential vares vy By fooiny over the range ol scan rates trom Q.00 =100\ S0 but
shitis o more cathiodie calue abiose 2000 5 Thiese changes mocurrent tuncuon and peak
potcntials suggest the occaricice of sonie clectrolsie penetration mto or beneath the sputtered r

S Dwardods 1YY

Faric Caddic soltammetric data tor the reducton pracess i the solution of T E8 mM
RueNH 5 o PBS butler solution at U Nich, ONE-490site
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During e period between the tirst and second scan rate studies. the probe was
miaintained dandisturbed i PRBS solution room temperature) except tor impedance speetroscopy
measurenients which were made atter T davs of soaking — In contrast o the results obtained 1n
seatt rate study Tothe CV s study 2 were waveshaped up to 0.1V s but the forward and reverse

curves Jdid nol cotcide A steady state current. idependent of scan rate. was observed over the



sedll Fdle rdnge betsween oG i-o o N s bal thie varrent was nearls S uames higher than the

MatCdb CulTeitl obsersed in studs b Fhis dilierence i carrent i nol accountable tor

ditterences i R conicentiatoon Distnct vathodie and anodic peaks swere evident only at scan
sates o0 s~ e voltaninnetnie data Tor tits study s given o Fable 2220 show a complex
dependeney o cartent funelion ol scan rale Fhe current tuncuion decreases with mereasing

soain Fale e e ratige U 02 - 20N sors constant tor 2V s and 3V s and then deereases turther
whaccn S N s AL scan tules o 10Ul and 200N s the residual currents measured m PBS

acre stightls rarger than those nicasurad i the Ruosolution The disparity m restdual currents

avic o ¢oachic s oltammetne datu ton the reduction process in the selution of £ 19> mM
RurNH O o PRS butter solution at U Nich ONS-49 site 0 Sean rate study
N
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“Background cdrrents mcasuted bedore the wave are larger in blank PBS than those measured

e presdtive 1 Ko



AL HHese sedn rdtes dodds oo overeoirection o the taradate current so that voltammetric
QUANTILICS b Lhose scats fales inas e atiichable The peak potentials at scan rates up o 30V s are
Tore calllodic Hhian Hiese cbservad an stads Loand they shitt anodically before reversimg o
Aeconie ticre satliodic al scant Tales abose 10N < The hatt-peak potential also has a complex
relationshiy wo scan rale shitting i the anodic dection up o 2V s and then shitting - the
Cailiodic bredtion at highior scdan rates These voltammetric data are not wpieal tor o disk
Clechiode el e Fange ol sean rates amploved The ditference o voltammetnie: behavior

betwecr: he swo studies indicdtes adetertoration at the Ir sie mtegriy

i

VAo Of ClecEEo e aid oot i e nis Loty of sile |

Fhe clectrochemically determmed dinensions obtained 1 the two scan rate studies are
swtnnariZed i babte 20 For scan rate studs 1L the dimensions based on steady state and
Pransiont medsireinents over e scdlt rate tange trom U1 o 100V see are m good agreement with
cach other and thes are ol approstmatels the sanic magnitude as the dimensions of the I site as
prcated. However the swrtace diea caleudated from apparent capacitance s higher than that
detertined tront the Taradaie measurements. suggesting the presence of some degree of porosity
1 osartace roughness ol the sputtered fr

Al

Fhe resubls ol sean rade study 2 are in marked contrast to those ot study 1o The value of r

toaitd i study 2 ois > times higher than that Tound i study 1o The radius based on steadys state

nedsdremcnts. ¢ is 0 tmes higher than that based on transtent measurements over the scan
aie tange tront 002 o 2N s The surtace area caleulated trom r s many tmes larger than the
rea deterinmed tront the fimear v vs v plot tor scan rates 002 w0 2 Vs Phe different
Cliteos b steads stdle and transient measuremients ol radius might result i the electrochemical
Fespoiises b show sean rates were Jdue ooa contrtbution from more than one sites and - the
espoises al fasl seni rates retlected the contribution o asimgle site This type of behavior might
Pe obseryed i arrds o dndividual microctectrode sies whirch were connected in parallel. At
S seali ates caertapping diftusion protiles ot individual sites result i asteady state current
CGual b thie suln ol e carrents al individual sites AL high sean rates. ditfusion protiles would
A nited foindin idual sttes. and the value obtamed tor the radius would equal the average value

Ao radn o andis wdual sttes One was this nnght occur with the mulu-site UL Michigan probe



would be via penctration ol clectrolvie bencath thic ~sttes. or - bencath the dental wax and epoxy

cncapsulation over e conilaet pads tostilting i clectical contmuity between mdividual sites.

Fable 2 Dimictistons of rsite Noo o U Nichigan Probe OUNK-49

[RITTITSTINISITEN Dinicnsions trom I lectrochenucal Measurements
Siadh N tes Tubiicated) Steady State [ ransient fransient. from ¢ "
SLan i Non-lnedt I inewr
Dhitiusion’ Diftusion
Ll NI VRN \ b b wih \ - own Aum A-um
tdisk) sk
S A s s St I AR Y] ! 7
Stads L Ct dad s i X0 62 PRV i 8N 4384 ST80

Foototes to the table

\ Noatues tor 1oare obtaimned Trom the average ot the steady state currents observed at 0.00]
e ues N see according o the relutionship ¢ ndC The values tor A are caleulated
dsing e ctectrochenucadly determmed value o rin the formula tor area ot a cirele.

i3 Vand +oare obtained trons the slope and intereept ot the hinear portion ol a plot o v
vn o onver the range of ssweep rates from 001 - TO N s study T and from 0002 10 2
Vosed i stady i accordanee with the equation

N e AN L A R L D A VAR N NVANE
‘ Yo obtainied rone the aserage of the current tunctions. v over the range of sweep
Pales s here ey were observed 1o be constant. o 2-3 NV s aecording to the equation:
Po= 20Ty T ey

) ¢ i~ calvulated tronn the restdual current at UV at the highest scan rate employed.
coneralhy 2000 N see using the relationship ¢ vV ATrea s determined from O
E

ot
Asstltiing o value of 23 b eme tor the capacitance of the T metal surtace,

fRgcddinie e N dius apny

Srpeddnce spectra were acquired over the range of frequencies trom 000 He oo 100 kHz
Nosweser o consistency with data presented by other laboratories. only the magniude and phase
325

angfe at & wabls are histed e fuble 240 The mnal impedances for the five sites ranged from
re 780 KRG mitaliy o with phuse angles ot 73278 indicating a large capaciuve contribution.

During soakiing the mpedance of cach siie decreased gradually so that by day 280 site
mpedaitces ward early the same. tanging trom 125 o 163 KO [he decrease msite impedance
Snrie protongad soaking is consistent with the merease e electrochemical dimensions found 1n

B

oscad fate studios tisitie the taradaie icduction ol Ru hosaammine. However. the phase angle



date dat bRz suggests o decrease i capacitive contribution which appears o contradiet the

changes indicdted by the scaiiate stadices

fante 2 4 hipedance (h82y aind Phase Angle ar T RHZ of Irsites on Probe CNS-49.

Fime Conditions during hinpedance Site | Site 2 Site 3 Site 4 Site 8
Measurement

Sl Fake initial inpedances i PBS 404 A28 81 AHO 27

RatNEL O 100y v g Agd | B T X7 SRS ST2.00 T84
AT Bmpaedatices twhen i PBS 478 281 471 346 AR
RutNH 01w 0P du - funmhy S -02.02 2529 -3798 -47 4
. - . . . S B
AR Dnpoedances dotie i PBS @ oo md 22 o2 203 203 245
i -oU. 22 RRER S350 -46.32
Day 2 bnpedanices donc i PBS @ oo mh ise Pes AR 204 159
-0 8Y 630 -9 86 SRR -0 .47
PRI Hupedaiees donie i PBS @ Tou i [2= R fO 144 L0
SRR to 84 -0l | -00 60 -02.20

Lo 1o reconcile results obtained by ditterent methods of measurement. we examine the
slots of the entire Trequencs spectrant of impedance and phase angle. In these plots (Figure 2.4
aosee tal the impedanee and phase angle spectra tor the Hive sites become more similar to cach
Ser with protonged soaking For sites Fand 20 the mitally non-leaky sites. the firstimpedancee
piot s lincar over the entire trequenay spectrume With iercasing soaking tme. the hinear plots
Sutt gownward 1o fower impedance values but with the same slope as observed mually at
QU 20 Hz o Aner 8 davs soaking. g platcau 1y seen in the impedance curve which
Saiends from SO-100 Hy o sgoo s A frequencies above 3 Kz the linear plot resumes
W e s slope as al fower trequencies. Atter 20 davs soaking. this plateau is shitted toward
nooner lrequencios I contrast the mital impedance plots for sites 3.4 and 5 are not fimear over
e entire treqgueneey spectrum. but have o plateau extending between 3 o 30 Tz These mival
plols are sindai oocach other but ditterent fron those o sites Fand 20 After soaking for a period

c1 tmes e impedance plots of sites 3.4 and S become similar to those of sites 1Tand 2
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tmpedance and phase angle of sites on |
tmies of storage

Michigan Probe CN8-49 at different



Fhe mntial Ireguenios spectia ol phase angle also tath it e categories: those tor sites |

abid Coare stilan Loocadh othen aind those of sites o4 and > e sindar A ter vanymg pertods ol

seadk g THOSC alE oot ihote abthe s plhiase angles changing ram capacitis e toomore

Caislive vaiaes sl [he lTequenes datige o 20 by o S Ry U fow trequencies. all sies

S oS a phase angle tonvand =900 awhich by consistent with animerease - capaciive
Pehan o D hose resudts suggest tiat iipedance and phiase angle measurements at low frequency.

c o out ity corretate better with the changes e electrode dimensions observed i slow sean
Gic Ko nevaammiime stadios and thus may be more appropriate tor detecting changes

Ciecirodoe propeitios caused by electrolvic punctalior than mcasurements at | ks

Dual Hatpin Ir Yhcroclectrodes

Davc sty of dual hatpin Ir nucroctectiodes swere submited by M N Baks NINDS . for
ciectrochemival characterization Fhese clectodes were msulated with - Parviene which was
deposiicd witd an adhesion primer and removed ustig an excimer laser. Atter the Parviene
setnon . e s were Bubblen tested to remove residual primer which s not readihy taken ott
Pyohe taser Electrode nmpedances weie mcasured at bRz betore and atter this "hubble” test
Che credtiade Gps b one armay wdentticd as o BRN S had beconie bent during fabrication and
A sabieciod Tooa eh voltage burn w oy Lo straighien them One ot the questions we were
asnecd o answer swas swhether this "barn' had a deleterious eifect on the electrodes.

Fach dual hatpin nicroclectrode artay. as submutted. was held moa glass capillary tube
wo e eposs ball and clectode shatts extending trom one end. and the Au lead wires extending
Sorone oiner i order o stabilize these devices, we encased cach end of the glass tube 1o
JCtna wis therebs preventing the array trom shidimg out of the tubes and prevenung clectrolyie
sofnbed B Hiling the tube The wiray was mounted 1w seni-pernianent manner moa BAS
Cietncicie el cotl using was bt the way mneowhich the U A ich. probe was mounted.
Solutions were mntroduced mto e cell and removed by svringe. Onee the array was assembled
Bthe el wiad eanposed o cdectrolyvie solution. it was not removed until test protocols were

compicted AL s e clectrode #11 remans inosolunon Flectrode BRN has been removed

A teshing Wertated due o bredhage o the valead wires



Frectrochioniica) idracterization tciuded scan rate studies ot the taradaie reduction of

i

K nesadinminge aiid inpeddaiiee speclioscops ol variots itervals durmg fong term soaking

i R

fanies O S0 T sunnarise the voltammetrie data tor BAK nucroclectrodes PEA and TIB

Fhese ddba ssere oblatied it three scan rate studies which were pertormed at ditferent umes over

LN ! S~

dun~ Lables 20 and 212 summarize the yoltammetnie data tor BRN-A and

Steadh atale curients were obsersed at BAK-TT clecuodes at scan rates up o 001 or

50N s an the tiree sean rate studies. The voltammograms 111 tis svan rale rnge were wave

shaped with e currents on the torward and reverse scans comceiding m most studies. This 1s a
niore rapid approach o steady state behavior than was observed with the U Michigan electrode
be duic Lo the geometry o the clectrode and the smiall thickness of imsulator relative w

cicctrode diamieter [lang and eddy 1993 AU scah rates above 00T or .02V s

restdual
currents i PN were higher than those e Ru solution resulting inan overcorrection ot the

aradure current by background subtraction. Thus. the voltammetne data at high scan rates are

Jol ~antabic e numerical analvsis They are given here primartly o compare the trends in

Srreni tunction and peak potential behavior over ime



Panie 2 Cyvelic voltammictrie data Tor the reduction process i the solution ot 1.8 mM
RutNH ol an PBS butter solution at M Bak ctectrode FHAL scan rate study !
Sl Kdiv Peak Poteniiad teak totenitial Halt-1’can Current Function
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Cavele voltammetric data tor the reduction process m the sotuton of 174 mM

M. Bak clectrode 1AL scan rate study 2.
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larger in blank PBS than those measured in



Fable 207 Crvehic voltammietrie data tor the reduction process i the solution ot 1.24 mM
RucNH oy Lo PBS butfer solution at M Bak electrode FIAL scan rate study 3.
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*Bachground currents measured betore the wave are farger i blank PBS than those measured in
the presence of Ru tor scan rates U0 E-0 03 % s and U.2-3 Vs No peaks were observed over the
Cnbre sedn tate tange studied

faple 208 Cavelic voltammetric data tor the reduction process i the solution of .38 mM

RaixH ) O PBS buticr solution at N Bak electrode THBL scan rate study 1
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“Backgrotnd currents micasured betore the wave are Lurger m blunk PBS than those measured in

P oreseiice of Ru tor scait rates 0 ud-u oSN s and O 222000\ S
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[able 2 v Crvelic voltammetiie Jdata tor die reducton process i the solution ot 142 mM
RueNTE Ul 23S butter solution at N Bak electrode THBL scan rawe study 2
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THsackground currents measured betore the wave are larger in blank PBS than those measured m
the prosence of Ru tor scan rates greater han 0,01\ s No cathodie peaks were observed over

e sCdit rate range stadied

Db Z ot Caelie voltammetrte data tor the reduction process m the soluton of 1.24 mM
RueNT ) CLon PBS butter soiution at M Bak electrode THBL sean rate study 3
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*Backgiound currents ineasured betore the wanve are larger m blank PBYN than those measured in

Cae reseiioe o R for scan rates G0S0 2N s dnd 322000\ s



fabic 2 1 Crolie veltaninietrie data tor tie reduaction process m the sotation of 142 mM
RacNEH S an PBS butter sodution at BAK-BRN-A
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“Hachground currents measured betore the wave are larger o blank PBS than those measured in

e presciee vl Ru Tor sean rates greater than 1A s

Pabie 202 Cvalie soltammetiic daty tor the reducuon process in the solution of 142 mM
RueNH b PBYS butter solution at Ir microelectrode BAK-BRN-B
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* Duta obtained trom oyelic voltammograms without correcting tor charging and residual current
1 ontanh PBS E lectrode tead broke before measurenients could be taken in PBS



[hne steads slale curictits vbacrved i tie stow seani rale s oltammograms were used o
Cdicniate the neight boob e cone usiig e nicroscopiealiy micasured values tor v the
cquation for e steads state carient at a vonesshaped electrode oo =4 o kD As
soet o fable - e elecrochemically determined values tor ot electrodes TEA and THB are
miuct ~idilen than tiose meastred  microscopieal In contrast. the  eiectrochemical
Vedsuiciicnts ol B BAKR-BRN A and Boare a Close approsimation ol microscoplie

TN CCE LS

fable 2213 Dimensions of dual hatpia Ir microetectrodes.

Sebiipic §f Geoniietric Dimcistons Flectrochenneadts Determined Dimensions

ol HilcToseph i

[ B it From Steads State Cdrrent V brom O
INTIY FSA™ wm ISA um
fight SEM (LORIC) LU
EIREN vl Lt N o I3 H00.0 332
- BAN Noddy O vy (U8 N300 8Y6
AR dan Y S48 830
AR TR dav v 2 2 4 S04 800
BAR T dan v cod 1396, 2496
BBAK- M day S Y it Tol. 1320
BAKRCBRN-Y dan >3 23 2 2Tl S0 2080, 8000
ARG BRNHET gas Vs o Iy [~ E7 4.800
Freradius ol 5% it I Lahedi Foni dyeidges ol medsarcimeiits made front SEMs o BAK-BRN-A and

FARCBRNCE id s assuinied Lo be the sanie tor electiodes 10A and 1B Fhe opucal dimensions tor cone
Beean b are ose provided By M Bak

Coicohie s edlvalated asing 1o the equation tor e steduds stdte carrent o d cane
oAl ek 0D
DN IR cone i caleddated Tronn the equation lar ared ol a cone

A= Vf(h2 o

C s carcatatud Trony ine restdual currento o at 0 at 200V sec using the relattonship C 1o Area
Cdeleriied o ¢ assunlig o value of 23 mib e tor the capucitance of the Ir metal surface. 117 two

IO Ao shosd e dowet value represents the capacttance calealated trom o the Ru hexaammine
soiubion the e value ltom i biank PBS

For clectro He i al pieasareiictils the Gp designations o A ot Bowere assigned by fabeling the lead wire
el Toi CJectivad conticc oty aiid iese designalions mas not be the same as those provided with the
Clectrodes s was il posaible o distinguish between ups A und Bonthe SEM U again due to lack ot
ABCIs o e Ups heiiselves  Fhius measurenionts of cone tength made by the three techmques cannot be

assizicd shambizuousts e aspecitic Up



s noteworthy thal there is telativels Tittde ctiange o the vatue ot btor BAK-TTA and
Bocrectodes v et ichativ el Tong petiods of suaking. although there was aoshght deternioration
dne gualits of tie sollasiograins obtaiied i study s The amount o distortion wihich s
opicaliv associatcd it o eak at e nietal-Pars icne junction sas not as severe as has been
Pacrted e past Lhe stabilite of the dimenstons based on steady state currents indicates
Sredler slatidon o1 e cloctrode geomietry than bias been observed previousty with Parvlene
Galiated dictal cloectiodes and s by orable tor turther development of the moditied tabrication
oo ures
AdCaiasudl Characterniste ol thie electrodhicmiical response of electrodes T and TIB was
ne consistentts igher restduad carrent i PBS compared 1o that i Ru hesaammine solution at
soui rales above D00 02 N < Ome explanation tor the hugher restduad currents i the absence
G e hesaammine is that tiere mav be a component ol the clectrode surtace avarlable tor
capacitive charging G Uie blank PBS that is blocked by Ru hoexaamniine For imstance. 1t there
ACre ot diclectie laver covering part of the metal then that poruon ot the surface might
contrbuie b the charging current i blank PBS. but be blocked by the large Ru hexaammine
Dodecules Nernativedly s the Sostra charging current i blank PBS  mught arse from surtace
Cod read Dot which dlso night be hindered by Ruchiosaanmime Athough electrodes A and
o e ot neen cnatnined BeoSENT a this times tie STAS o the BAK-BRN clectrodes
Jemenstrated the patches ot a thin codting over e etal surlace which appeared 1o be residual
sorner osee Dlgure 2N
farle 203 alse hists the clectrochenncal surtace arcas caleulated from the apparent
caraciiaiine ©omedstrad at the highest scan rates These vadues tor surface arca are much
arect i tiose obtaned trom the steady state measurements ot taradaie current. The higher

s cf PN A obtadied 1rons O may be due woosartace roughiness ot the beor the presence ol a
surfuce ovade The hubble’ test that 1s pertormed to remove restdual primer might promote
roughening of the b sartace or the development of a thinoxide laver The observed icerease m
ENA nased oi O suggests that additional surtace s bemg exposed somewhere. cither by
eredsing roughness of ovide tormation. Further clectrochemical testing of these electrodes s
Aranied s owelloas SEAL studies at the termunation ot the soaking pertod which may ard n

LRSS sothc o e Guestions taisad by the clectrochemical measurements



Fhe clectrodes i tie BRYN wray aie o specidl case sinee they sere subrected woa very
detterent reatneit prion Lo boing teveived al b IU was only possible to pertorm one scan rate
Sudy with cach of diese due b then Teads breakmyg durig tesung As idicated above. the
calues oblained Loi heae Close o those obtained by microscopie measurements. However. the
PN O ot BRY clectrodes. determimed rome € s many tmes higher than that based on

deadh stale ineasareinents ol taradaie current. and s much higher than the BESA trom O ol

ciedtrode A ur TEBOSEN examitation ot the BRN tps showed severe bending ol the I shalts
Proure 2 which andicates that the electiodes were badly damaged at some ume belore or

during westing - Since it is possible tor the mtegriy ot the Parviene coating along the shatt or at
e mcldi- Paryiene junction to be compromised it the wires are bent o the extreme seen by SEM.
o fesilate tooattach Lo much signiticance o the farge difference m ESAs determimed by the
Siterent measurements of the BRN clectrodes. Towill be necessary o test another set ol similar
crectiodes betore arriy g at detinite conclusions regardimg the ettect ot the high voliage "burn”
S the cdectodhianical characteristios vl sach clectrodes

thoh magniticaton SENMs o the BRN clectrodes shown i Figure 2.5 show that the
Paniene codting was hol completely removed from the entire circumierence ot the conteal up.
fhis detect probably can be corrected by modity g the laser ablation process. An additional

defect 1 the tips which is inrinsic 1o the Irwire s an apparenthy deep groove which is oriented

enetinase dlong the tpo This detect mthe wire s now known o have developed at an carly
“age o the manutacture of e wire and was presenved during the successive wire drawing stages
Cotered 1 tabricating ultra-thin wire What effect this "groove” might have i terms ot charee

Dot properties and electrochenical stabihinn: can only be surmised at this ume. The
preterenoe s o obtan Irowire without the defeet so that clectirochemical issues might be more

sHruig Do g
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High magnitication scanning electronmicrographs ot Ir tips on BAK-BRN.

ot Uidt itis not posstble o distmgiish between the A and B tips as spectlied
by N Bak

}

Pios v and Borepresent opposite sides of the same up. Note the longitudinal
croove i big A and the testdual Parylene adhering 1o one side of the up.

Figs Coand Dy yepresent the other hatpin up. Note the wide fongitudimal groove
Wil secttis to be nilied with ~some material Note also the fragment of what

appears o be Parvtene sult adbicring partialiy 1o the distal end of the up.



[ipedatioc Spoddlane afhi

ipedane spocliv wore laken of e clectodes TEA and TTB Gt vanous imtervads durig

P iong W soakiliy Lable 2T suimmiarizes tie nnpedance miagitude at Bz Incontrast o

G osteudy doniinard rend i impedatice such as was observed tor the U Michigan sitel the

anpedanee G clectiode Ty remanied somewhat constant up o day T4 atter which 1t began w

orcase beosatucs daiiost cgudl to M Bakos pre-bubble test tevels Phe impedance of THB was

Shore crrabe sacreasing dnitiadhy o 12 NG decreasing 1o a fow o1 400 K2 alter 20 davs soaking.

G100 icreasiiy agabi too ML Tevels at S odavs These clectrodes are sull soakmg and

Speusulenicnis are being then pertadicalls

fanic 214 impedances ch€2yat Rz ot I sites on M Bak electrode No o 1

bime C onditons during hmpedance Measurement Site A Site B
Cbelore tic [Medsarement by M Bak of intiat / betore bubble test Rt i400*
D psctoie tiv I easwement by AN Bk o/ alter bubble test ARl S00*
] Phas > tiitial lnpedance 1 PBS @ T my s Ag Agcd O 287
L DRTE impoedance o PBS @ 0P 4o m N83
i Das 0 Lnpedaiee i PBS @ 100 mi 368
r Ll fpedance in PBY @ OCP 025 md AR

PRI pedance  PBS @ OCP P23 md R
l Prax Impedance i PBS @ OGP0 md 378

Dlav i Bnpedance i PBS @ OCPE N 7y B P24 mb 851 388
BN Impedanee m PBS @ OCPO 127 m\ 845
Hay - Bmpodaiice e PBS @ OC P To4 md 374

han T Linpedance m PBS @ o P49 ST

NI Inpedance m PBS @ ek s md of ]

INEERE Hnpodaiiee i PBS P 2y my cil
B B Enpoddinee i PBS « OCPCA 2Ty B S8 md 272 403

Fan Y tpedance in RutNH o cb PBS « 100 md 99| 399

Py fnpedance i PBS @ 100N 1336 883

* e designation of clectrode Ups as v or B M Bak's impedance measurements may not be

e <ante us 1 s adentification for reasons 2iven i the notes o lable 2015

Conclusions reganding merits ot ditterent methods ot clectrode characterizatuon.

fhe Ko hosaummine data provides more detailed diagnosue mtormation regarding the

Sordcioriatics o the indiy idudl microelectrodes than @ measurement of impedance at the 1 kHz

9]



tregueney bvpically cmplonved by clectiode mandtacturers Lo examptes there are mdications
St the profonged soakitis oF probe CNSdpesitted i e establishment ot electrical conumuts
Aeiw el L thid iy idaad sttes tesalting i then comibined contriibution o the Taradare current i the
Sioae sl tale stadies This Bope ol aidormiadion is tot mimediatehy obvious from the mpedance
JNd phase wigle 0 kB However we recognize that a scan rate study with Ru hexaammine
Aus oo inited apphivabion Lo examiple. it cannot be pertormed with electrodes that are
PRI T v fheretore ioatew ot the overall goat of developimg electrode
coaractertaation imcthodology suitable Tor oo uses e are attempting o estabhish diagnosue
Jcteds for characterizing clectiode dimenstonal stabthiv using other methodoiogy such as
mpedanice spectioscapy The cosalts presented here demonstrate the value of exanuning the
ciibie trequenicy spectruin ot impedance and phase angle rather than relving on a single
Cogucnics medsurement moorder oo monitor dimienstonal stability of mucroelectrodes. We
anticipate that turtier analyvsis ot ¢lectrode stability using both ot these methods ol analvsis will
Aronide d haseline o mtormativin which van be ecmploved o establish a test protocol tor i vive

U



30 WORK FORNENT QU ARTER

Fhoe tong terni soaking stidios o € XN8-49 and BAK-TT clecirodes ure continumg. During
P Conig Guatol stiniulation pulse cvperittients will beincorporated mto the stabrhy studies

ooy adudte bt crioct these might ave vn cectrode dimenstonal stabrints and impedance. At

by

B eriniation of the stabtlite stadies. both tpes of electrodes awill be examimed by SEM 1o
Lo e coriclale structural appearanee with electrochenueal tindings

Fhie ompedanee spectia of BAK-TT clectiodes have not been anady zed Tully as vete For
osoreport ondy the 1 kM ampedance values were extracted. but in coming months. other
Pertons ol e reqaeny spectrant will be exannned 1o scarch tor correlations with the Ru

SO TG Jdada
WO anbicipate recciving iew mudu-site probes troni U Nhchigan with mtegrated ribbon
canles tor electrochenncal esting  Wath these probes swe should be able wo evaluate the stabilit

1

i id

Cidual sites g e withoul any contnbution rome nerghboring sites v electrolvie

pepctation e i Conttacl Pads
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